Abstract-Mercury methylation and sulfate reduction rates, total Hg, and monomethyl Hg in the sediments of the Venice Lagoon (Italy) were measured in June 2005 in order to identify the factors affecting the methylation of inorganic Hg. While the rates of Hg methylation and sulfate reduction were generally higher in the surface layers (0-2.5 cm), the correlation between Hg methylation and sulfate reduction rates was not significant when considering all depths and sites. This discrepancy is discussed considering two factors: the activity of sulfate-reducing bacteria and Hg solubility. The former factor is important in determining the Hg methylation rate in comparable geochemical conditions as evidenced by similar vertical profiles of Hg methylation and sulfate reduction rates in each sediment core. The latter factor was assessed by comparing the Hg methylation rate with the particle-water partition coefficient of Hg. The Hg methylation rates normalized to sulfate reduction rates showed a negative linear correlation with the logarithm of the particle-water partition coefficient of Hg, suggesting that the availability of dissolved Hg is a critical factor affecting Hg methylation. Solid FeS seems to play an important role in controlling the solubility of Hg in Venice Lagoon sediments, where sulfate and iron reductions are the dominant electron-accepting processes. Overall, the production of monomethyl Hg in the Venice Lagoon is controlled by a fine balance between microbial and geochemical processes with key factors being the microbial sulfate reduction rate and the availability of dissolved Hg.
INTRODUCTION
Monomethyl Hg (MMHg) can be toxic to marine and freshwater organisms yet is often retained and biomagnified along the food chain to a greater extent than inorganic Hg, with sometimes no apparent harm to the contaminated organism [1] . This accumulation can be deleterious for more sensitive consumers and poses a potential health risk for humans through the consumption of MMHg-contaminated fish [2] . In marine systems, principal sources of MMHg are estuarine and coastal sediments where most of the methylation of inorganic Hg occurs [3] . The bioaccumulation of MMHg in benthic invertebrates and subsequent transfer to higher trophic levels couples sedimentary MMHg to marine food chains [4] .
Although methylation processes in anoxic sediments are not completely understood, numerous studies have demonstrated that sulfate reduction involving microbial processes is tightly coupled to Hg methylation [5] [6] [7] . Initial evidence was provided by the inhibition of Hg methylation by molybdate, a metabolic inhibitor of sulfate reduction [5] . More convincing evidence was obtained by the addition of sulfate to boreal peatland pore water and sediment, which caused an increase in the MMHg concentrations up to certain sulfate levels [6] . Increasing the in situ concentration of sulfate in the peat and peat pore water by 2 or 20 times resulted in an increase of pore water MMHg by a factor of three to four. The increase in MMHg was not proportional to the added amount of sulfate, probably because of limitations in bacterial population size * To whom correspondence may be addressed (s7han@ucsd.edu).
and availability of organic matter [6] . Experiments with pure cultures of sulfate-reducing bacteria (SRB) demonstrated that acetate-utilizing microbial groups (e.g., the family Desulfobacteriaceae) show higher Hg methylation rates than microbial groups that are unable to use acetate (e.g., the family Desulfovibrionaceae), suggesting that a genetic component and/or carbon metabolism is related to the efficiency of Hg methylation [8] . The activity and composition of SRB have been considered major factors affecting Hg methylation [9] . In addition to the laboratory studies, field studies have shown that high Hg methylation occurs in the sediment layers where stable anoxic conditions begin [10] . Through comparison of depth profiles of MMHg, sulfur species, and dissolved Mn and Fe in pore water, higher Hg methylation rates were observed in stable anoxic layers, where dissolved Fe was eliminated from pore waters by FeS precipitation rather than in suboxic layers [10] .
The bioavailability of inorganic Hg is another critical factor that determines the Hg methylation rate. Benoit et al. [3, 11] suggested that the passive uptake of the neutral HgS 0 complex controls the bioavailability of Hg to methylating bacteria. In their study [3] , a chemical equilibrium model was set to include the interaction of Hg with solids containing one or two sulfide groups. The modeled decline in HgS 0 with increasing dissolved sulfide in pore water was consistent with the observed decline in sedimentary MMHg. In low-sulfide coastal sediments, the particle-water partition coefficient, K d ϭ C s (mole/Kg)/C w (mole/dm 3 ), was suggested to be an important factor regulating the availability of Hg to methylating bacteria [12] . In the same Environ. Toxicol. Chem. 26, 2007 S. Han et al. study [12] , the K d was influenced by the amount of organic matter and acid-volatile sulfide in the sediments. The importance of acid-volatile sulfide for Hg methylation was also reported in sediments of the Seine estuary in France, where an increase in acid-volatile sulfide corresponded to a decrease in MMHg [10] . Understanding Hg methylation in estuarine sediments is challenging because the biological and geochemical processes involved affect each other as well as the Hg methylation process. In the present study, Hg methylation rates were determined along with microbial sulfate reduction rates and conventional geochemical parameters in order to investigate the factors affecting the methylation of inorganic Hg in the sediments of the Venice Lagoon.
MATERIALS AND METHODS

Study areas
Venice Lagoon, located in the northern part of the Adriatic Sea, is the largest lagoon in the Mediterranean (Fig. 1) . It has an average depth of 1 m and a surface area of 549 km 2 , 40% of which consists of tidal marshes, islets, and fish farms [13] . Venice Lagoon connects to the sea through three inlets, Lido, Malamocco, and Chioggia. Tidal flow through these inlets determines water circulation patterns that hydrologically isolate the northern basin, north of Malamocco inlet, from the southern part of the lagoon. It has been reported that the northern basin is highly contaminated by trace elements, such as Zn, Pb, Cu, Ni, and Cr [14] . Depth profiles of concentrations and fluxes of trace metals (e.g., Zn, Cu, Cr, Ni, and Pb) in 60-cm sediment cores showed a significant increase of these metals from the 1920s, with maximum inputs between the 1930s and 1970s. Because of the reduced input in recent years, trace metal concentrations have decreased in surface sediments starting approximately 5-cm depth [14] . Industrially discharged trace metals from the petrochemical zone of Porto Marghera are distributed in the sediments of the northern basin as a result of suspension of polluted sediment and its transport via a strong tidal flow [15, 16] . Continuous erosion and resuspension of sediment due to anthropogenic activity, such as speed boating, dredging activity, rebuilding of salt marshes, and clam harvesting, has facilitated transport of contaminated sediments [16] . Previous studies on Hg in Venice Lagoon have reported that the lagoon water and surface sediments are moderately and widely contaminated with Hg [16, 17] .
The study area consists of five sites ( Fig. 1 ) named after the category of sediment (A, B, and C) found at the sites or based on their respective location (near, S1, and away, S2) to dredged channel (S0). The category of sediment is based on the total concentration of inorganic and organic contaminants with concentration increasing from A Ͻ B Ͻ C [18] . The sites in the present study are Lido Inlet (site A), northern lagoon shallows (site B), Porto Marghera (site C), southern dredged channel (site S0), southern lagoon shallows near dredged channel (site S1), and southern lagoon shallows away from dredged channel (site S2). These sites span a range of sediment types dependent on the distance from Adriatic Sea: clayey silt (1% Ͻ sand Ͻ 5%) in site C; clayey-sandy silt (5% Ͻ sand Ͻ 15%) in sites B, S0, S1, and S2; and silty-clayey sand (5% Ͻ silt and clay Ͻ 15%) in site A [18] . Conductivity, temperature, and depth data were collected from each sampling site during the sampling period, showing no stratification of the water column and bottom water temperatures of approximately 21ЊC.
Sample collection
Sediment collection was conducted with logistic support of Thetis Società per Azioni from June 10 to 15, 2005. Acidcleaned polypropylene cores (10 ϫ 30 cm) were used to collect sediment samples. Collected cores were extruded and sectioned within 24 h in an N 2 -filled glove box at intervals of 2.5 cm for the 0-to 10-cm layer and 5 cm for the 10-to 20-cm layer. Approximately half the sediment slices were sealed in amber glass vials under N 2 -saturated condition and transported to the laboratory (Scripps Institution of Oceanography, San Diego, CA, USA) in a portable electric cooler (ϳ4ЊC) for Hg methylation and sulfate reduction experiments. Mercury methylation and sulfate reduction experiments were carried out within a week from the sampling date. The other half of the sediment slices was stored frozen for analyses of sedimentary Hg and MMHg.
A second series of cores were collected near the first series and used for pore-water extraction. All cores were collected with enough overlying water to allow recovery of the actual surface sediment except for core S0. After extrusion and sectioning in the glove box, pore waters were extracted by means of centrifugation at approximately 5,000 rpm. After pore-water filtrations (0.45 m) under anaerobic conditions, approximately 20 cm 3 of the filtered pore-water sample were acidified for analyses of total Hg and MMHg, and approximately 5 cm 3 were used for measurement of dissolved sulfide as well as for analyses of alkalinity and dissolved sulfate and iron concentrations. The amount of pore waters collected from core A was not sufficient for chemical analyses because of a high ratio of sand in sediments. In the second series, core S0 was overcored; therefore, no surface sediments were available.
Sample analyses
For the analyses of total Hg in sediments, approximately 1 g of sediment was digested overnight in Teflon bottles at room temperature with 8 cm 3 of 12 N HCl and 2 cm 3 of 14 N HNO 3 ; it was then diluted with 500 cm 3 Milli-Q (Barnstead International, Dubuque, IA, USA) water [19] . Acidified (0.06 N HCl) pore-water samples were treated with ultraviolet ir- radiation prior to cold vapor atomic fluorescence spectrometry using SnCl 2 reduction [19] . Only aliquots of sediment digests (0.1-0.3 cm 3 ) and pore-water samples (2-10 cm 3 ) were used to quantify total Hg concentrations. Overall precision and accuracy are presented in Table 1 , including matrix spike recovery, certified reference material recovery, and blank data collected during the analyses. Analytical precision of total Hg measurements calculated from duplicate sample digestion averaged 5.2% coefficient of variation (CV; n ϭ 6). Water contents in sediments were determined separately to transform the concentrations of Hg and MMHg in grams wet sediment to grams dry sediment.
Monomethyl Hg in sediments was extracted as described in Choe et al. [19] . Approximately 1 g wet sediment was mixed with 5 cm 3 acidic KBr solution, 1 cm 3 of 1 M CuSO 4 solution, and 10 cm 3 of CH 2 Cl 2 . After 2 h of reaction time at room temperature, vigorous shaking was carried out for an additional hour using a mechanical shaker. After centrifugation for 20 min at 3,000 rpm, a 2-cm 3 aliquot of the CH 2 Cl 2 layer was pipetted into acid-cleaned 60-cm 3 Teflon distillation vials, and then 40 cm 3 of Milli-Q water were added to each vial. Distillation vials were placed into a heating block held at 45ЊC, and solutions were purged with N 2 until complete volatilization of CH 2 Cl 2 . Monomethyl Hg measurements in pore-water samples were conducted using aqueous-phase distillation for purification. Mercury species was quantified by cold vapor atomic fluorescence spectrometry [19] . Monomethyl Hg extracted from sediment samples was quantified in the same way without the distillation step. The detection limit (estimated as three times the standard deviation of the method blank), the matrix spike recovery, and the certified reference material recovery are presented in Table 1 .
For the measurement of Hg methylation rates, the tracer method using Hg stable isotopes was used in the present study with a cold vapor generation system interfaced to an inductively coupled plasma/mass spectrometer to allow a greater sensitivity [12] . In our method, Hg. In most cases, the calculated concentrations of MM 200 Hg were greater than the detection limit; otherwise, methylation rate was considered as 0%/h. The precision of the method was 32% CV (n ϭ 19) based on duplicate analysis.
The determination methods of dissolved iron, alkalinity, and dissolved sulfate are described by Gieskes et al. [21] . Dissolved sulfide was determined by a modification of the spectrophotometric method described in Strickland and Parsons [22] .
A radiotracer method was used for determination of sulfate reduction rates (SRR) that involved incubation of with 35 2Ϫ SO 4 sample sediments, extraction of produced 35 S-sulfide, and quantification of the produced 35 S-sulfide [23] . In brief, approximately 1 g of sediment sample was placed into serum ) and 12 N HCl (4 cm 3 ) solution and gently agitated for 2 d. The liberated H 2 S precipitates as ZnS in the trapping solution. After removal of this solution from the serum bottles, the sulfide produced was quantified by scintillation counting [23] .
Sulfate-reducing bacterial counts were carried out in duplicate for sites A, C, and S2 using the most-probable-number assay in 48-well microtiter plates. A 0.9-cm 3 volume of brackish seawater medium, containing one of carbon sources (20 mM), formate, acetate, or lactate, and sulfate as electron acceptor, was added to each well under anoxic conditions. Then the inoculum (0.1 cm 3 ), prepared by adding 0.2 g of sediment to 2 cm 3 of degassed medium, was added to the first well from which the serial dilution begins. The plates were incubated at room temperature (21ЊC) under anoxic conditions to allow bacterial growth. After two weeks of incubation, 0.2 cm 3 of 2 M FeSO 4 solution was added to each well. Wells with positive SRB growth were identified by the formation of a black FeS precipitate. Black FeS formation as a function of dilution was analyzed with a statistical table for most-probable-number count [24] .
Statistical analyses
Analysis of variance (single-factor ANOVA) and post hoc multiple comparison of means (Fisher's protected least squares difference) were used to test the significance of differences between two data sets considering the arcsin( )-transformed ͙x data set to comply with heteroscedasticity and normalization of percentages data [25] . Correlations between factors were fitted with linear model established and tested for 95% significance using SigmaPlot 8.0 (Systat Software, San Jose, CA, USA). Unless otherwise stated, values represent means with one standard deviation.
RESULTS AND DISCUSSION
Geochemical parameters in pore waters
The vertical profiles of the geochemical parameters for the pore waters of the sampling sites are shown in Figure 2 . Large increases in alkalinity with depth were observed at sites C and S0 from 4.3 to 36 mM and from 23 to 38 mM, respectively, which reached a maximum value of 80 mM at 120 cm (data not shown). The alkalinity profiles of sites C and S0 agree with a large increase in sulfide and a decrease in sulfate, suggesting that a principal factor affecting alkalinity in pore water is bacterial sulfate reduction [26] . Such high alkalinity conditions of sites C and S0 have been observed in organic matterrich sediments in various settings, such as in the anoxic fjord Saanich Inlet in British Columbia, Canada [27] , as well as in Po Delta sediments in Italy [28] . Alkalinity in pore waters of S1, S2, and B showed relatively small increases at 50-to 120-cm depth, which agrees with small increases in sulfide at the same depth range (data not shown).
Dissolved Fe peaks were observed in sites B, S1, and S2 and the surface of C, indicating that Fe oxide reduction is a process that contributes to the diagenesis of organic matter immediately below the sediment-water interface. In site C, a decrease in dissolved Fe is followed by an increase in dissolved sulfide, suggesting formation of solid FeS. The surface of site S0 might have had similar dissolved Fe profile to site C, yet it was not possible to observe the dissolved Fe peak because of the loss of the surface sediments during the collection process. Sites C and S0 probably rapidly accumulate organic rich materials because of their distinctiveness as nearshore and channel sites, which causes high sulfide production close to the sediment-water interface. Indeed, sulfate was depleted within the upper 30 cm in sites C and S0, while other sites demonstrated a moderate decrease in sulfate from 30 to 15 mM in the depth range of 0 to 120 cm (data not shown). Increases in alkalinity below the depth of disappearance of sulfate as a result of incipient processes of methanogenesis were shown in sites C and S0 (data not shown) [27, 28] .
Total Hg in sediments
The maximum amount of total Hg in surface sediments (0-2.5 cm) was found in site C with a concentration of 1,144 ng/ g, while the other sites ranged from 209 to 691 ng/g (Fig. 2) . Previous studies have shown that the Porto Marghera area is the most Hg-contaminated zone in the Venice Lagoon, together with the canals in the city of Venice [16, 17] . The total Hg concentrations determined in the surface layers of nearshore and open water sites (B, S0, S1, and S2) ranged between 482 and 691 ng/g, which agreed with literature data (641 Ϯ 260 ng/g [16] ). This range corresponds to the upper range of total Hg concentrations found in several urbanized estuaries on the East Coast of the United States (200-700 ng/g [29] ). Surface sediments of site A showed the lowest total Hg concentration of 209 ng/g. However, this value is still almost twice as much as the background Hg level of 118 ng/g found in surface sediment of the Adriatic side of Lido Inlet [17] . It has been estimated that approximately 1,100 kg of Hg were carried to the Adriatic Sea each year on suspended matter because of the natural and anthropogenic resuspension of surface sediments [16] .
We generally found that Hg concentrations in the upper 2.5 cm of the surface sediments decreased with increasing distance from the Porto Marghera, following the trend of organic carbon content in the surface sediments (Fig. 3) . The total Hg concentration in estuarine sediment often has a positive correlation with the organic carbon content because of the strong association between sedimentary organic carbon and Hg [12, 29] . The correlation coefficient increases when the data point of S2 is not included in the linear regression (n ϭ 5, r 2 ϭ 0.95, p Ͻ 0.05), showing that the surface sediments of S2 have low total Hg content in spite of high organic carbon concentration. This may be the result of inflow from the southern basin, which is hydrologically isolated from the northern basin and flushed with cleaner water from the Adriatic Sea. Indeed, approximately fivefold less Hg was observed in the southern basin than the northern basin in the water column [16] . In addition, site S2 is farther away from the main source at Porto Marghera.
Vertical profiles of Hg in sediment cores were relatively homogeneous between 0-and 20-cm in depth with the exception of the nearshore sites C and S0 (Fig. 2) . Historically, the largest source of Hg in this area has been a chloro-alkali plant that was run from 1951 to 1988 in the Marghera area without pollution control [16] . The vertical profiles of total Hg in C and S0 sites showed that Hg increases with depth from the surface to 7 cm. Sedimentation rates were not determined in this study, but the sedimentation rate found by Frignani et al. [14] .
MMHg in sediments
The MMHg concentrations in surface sediments ranged from 0.31 to 1.7 ng/g (Fig. 4) , which are typical concentrations for urbanized lake and estuarine sediments [19, 29] . The fraction of Hg as MMHg averaged 0.10 Ϯ 0.02% (n ϭ 6) at 2.5
Environ. Toxicol. Chem. 26, 2007 S. Han et al. to 5 cm and 0.07 Ϯ 0.05% (n ϭ 23) at 5 to 20 cm, while significantly different (ANOVA, p Ͻ 0.0001) and higher percentages of MMHg were found in the upper 2.5-cm sediments (0.17 Ϯ 0.08%, n ϭ 6), demonstrating that Hg methylation occurs predominantly in the surface oxic/anoxic transition zone. This result is consistent with the increase of Hg methylation rate in the upper 2.5 cm (Fig. 2) . Similar vertical profiles noted between total Hg and MMHg in most of the sampling sites, except increases in MMHg in surface layers, suggest that Hg availability is one of the important factors for determining sedimentary MMHg concentrations (Fig 2) . The correlation between MMHg and total Hg was linear for the upper 0 to 2.5 cm except for sites S2 and C (n ϭ 4, r 2 ϭ 1.0, p Ͻ 0.05) at 2.5 to 5 cm (n ϭ 6, r 2 ϭ 0.96, p Ͻ 0.05) (Fig. 4) . Considerably lower concentrations of MMHg were observed in surface layers of C and S2 compared to what would be expected on the basis of the linear regression models, suggesting that total Hg concentration was not a limiting factor for the production of MMHg in surface of C and S2. In deeper sediments, the different biogeochemical settings (e.g., dissolved sulfide, dissolved iron, and microbial community composition) may lead to large spatial variations in Hg methylation conditions, resulting in a poor correlation between total Hg and MMHg (5-10 cm, n ϭ 12, r 2 ϭ 0.43, p Ͼ 0.05; 10-15 cm, n ϭ 6, r 2 ϭ 0.07, p Ͼ 0.05; 15-20 cm, n ϭ 5, r 2 ϭ 0.17, p Ͼ 0.05; Fig. 4) .
Total Hg and MMHg in pore waters
The total Hg concentrations in pore waters for all the sampling sites at all depths (Fig. 2) ranged from 19 to 148 pM (x ϭ 71 Ϯ 33 pM, n ϭ 16), which is approximately one order of magnitude higher than the average dissolved Hg concentrations found in overlying waters of the northern lagoon (7.2 Ϯ 0.6 pM [16] ). The values of log
3 ], 1 dm 3 ϭ 1.02 kg) determined at all the sampling sites and depths were within a relatively narrow range (log K d [Hg] ϭ 4.80 Ϯ 0.11, n ϭ 14), which suggests that a common factor that is relatively constant at various sites and depths controls the sediment-water partitioning of total Hg. The range of K d found in the present study (4.56-5.01) is consistent with the range found in other estuarine sediments (3.18-4.92 [12] ; 4.89 Ϯ 0.43 [30] ).
When all the sampling sites are considered together, a negative exponential relationship was observed between dissolved Fe and dissolved Hg in pore waters, suggesting that processes associated with Fe oxide reduction lead to decreases in Hg solubility (Fig. 5) . Taking into account that Fe oxide reduction releases dissolved organic matter [31] and that dissolved organic matter provides strong binding sites for Hg [32] , a negMercury methylation in the Venice Lagoon sediments Environ. Toxicol. Chem. 26, 2007 661 ative exponential relationship between dissolved Fe and dissolved Hg was not predicted. The correlation between dissolved Hg and Fe could result from the association of Hg with solid FeS. Recently, it has been reported that the complexation of Hg to deprotonated S group on solid FeS (log K ϭ 36.1 for ϵFeS Ϫ ϩ Hg 2ϩ ↔ ϵFeSHg ϩ ) is much stronger than the complexation of Hg to reduced S on dissolved and solid-phase organic matter (log K ϭ 22.4-32.2 for Hg 2ϩ ϩ RS Ϫ ↔ RSHg ϩ ) [33] . In order for solid organic matter to be important in the complexation of Hg, reduced S groups on the solid organic matter should be 4 to 14 orders of magnitude more abundant than surface S groups on the FeS: this is not likely the case in the present study. The range of FeS concentration found offshore of site C was from 0.2 to 2 mmol/g sediment (as acid volative sulfide 34]). Applying the organic C concentration (0.5-2%) and reduced S fraction in organic C (2-4% [35] ) to the calculation of the reduced S site on the solid organic matter, the concentration of reduced S on the solid organic matter is estimated from 3 to 25 mol/g sediment, which is two orders of magnitude lower than that of FeS. Even though the presence of solid FeS was not examined here, the strong negative correlation between dissolved Fe and dissolved sulfide suggests precipitation of FeS (Fig. 5B) .
The concentration of MMHg in pore waters ranged from 0.2 to 15 pM (x ϭ 3.1 Ϯ 3.5 pM) and comprised 4.3 Ϯ 2.9% of the total Hg (Fig. 2) . The log K d of MMHg ranged from 1.96 to 3.30 with an average of 2.88 Ϯ 0.41 (n ϭ 13), which is two orders of magnitude lower than that of Hg. This range is in agreement with the range of K d found in other estuarine sediments (1.59-3.12 [12] ; 2.70 Ϯ 0.78 [30] ). A negative correlation was observed between dissolved MMHg and dissolved Fe, but the correlation was not significant. The association of MMHg onto solid FeS may not be a controlling factor for sediment-water partitioning of MMHg. A nonsignificant correlation factor between the K d of Hg and that of MMHg (n ϭ 12, r 2 ϭ 0.23, p Ͼ 0.05) supports this statement. In fact, it has been reported that the complexation constant of MMHg to deprotonated S site on FeS(s) (log K ϭ 12.5 for ϵFeS Ϫ ϩ MMHg ϩ ↔ ϵFeSMMHg ϩ ) is smaller than the complexation constant of MMHg to reduced S site on organic matter (log K ϭ 14.5-17.1 for MMHg ϩ ϩ RS Ϫ ↔ RSMMHg) [33] .
Sulfate reduction rate and Hg methylation rate
The Hg methylation rates ranged from 0 to 0.18 %/h with a mean of 0.042 Ϯ 0.041 %/h. This rate was significantly different (ANOVA, p ϭ 0.0021) and higher for the surface sediment layer with a mean value of 0.086 Ϯ 0.073 %/h, which is in agreement with sedimentary MMHg concentrations. The similar profiles between the sulfate reduction rate and Hg methylation rate (Fig. 2) clearly suggest that Hg methylation in Venice Lagoon sediments, as in other anoxic sediments, is coupled with microbial sulfate reduction [7] [8] [9] . Sulfate-reducing bacteria were detected in significant numbers throughout the depth profile at sites A, S2, and C by the most-probablenumber assay using either formate, acetate, or lactate as an organic substrate. The upper range of the SRB most-probablenumber (7.7 ϫ 10 8 cells/g wet sediment) was in agreement with those found in salt marsh, humic acid-rich sediments [36] , and coastal marine sediments [37] . In the present study, the different carbon-utilizing groups of SRB showed vertical and lateral stratification in sediments, suggesting different ecological roles for each group of SRB [37] . Even though the vertical profiles of the sulfate reduction rates and Hg methylation rates showed similar trends in each of the cores, the distinctive biogeochemical conditions (e.g., dissolved sulfide, dissolved iron, organic carbon, and composition of the SRB community) of each sampling site are associated with a different range of Hg methylation rate, resulting in no correlation between the Hg methylation rate and sulfate reduction rate (n ϭ 29, r 2 ϭ 0.05, p Ͼ 0.05).
The fractions of total Hg as MMHg (% MMHg) in sediments showed a linear correlation with the Hg methylation rates at all sampling sites and depths (n ϭ 35, r 2 ϭ 0.28, p Ͻ 0.05). A similar correlation has been obtained in organic-rich and sulfidic sediments of the Florida Everglades, USA [38] , suggesting that in situ production controls the MMHg concentration in sediments. In Gilmour et al. [38] , the spatial pattern of the MMHg production rate in the Everglades sediments matches the MMHg concentrations in biota, suggesting that MMHg bioaccumulation may be a function of the in situ methylation rate in surface sediments.
Mercury methylation rates in surface sediments ranked B, S0 Ͼ S1, S2 Ͼ A Ͼ C, which generally agrees with the ranking order of % MMHg (S1, B, S0 Ͼ A Ͼ C, S2). The second lowest Hg methylation rate at site A is in agreement with the least amount of organic carbon at that site, emphasizing the role of sulfate-reducing bacteria. The lowest Hg methylation rate was found at site C, which supports the low % MMHg previously reported in the same area of the lagoon [16] . This may be due to the lowest sulfate reduction rate, as shown in Figure 2 . However, the low % MMHg and Hg methylation rates of surface S2 with a relatively high sulfate reduction rate suggest that microbial factors involving organic carbon availability and sulfate reduction rate cannot provide a sufficient explanation for the spatial distribution of MMHg production.
The effect of the Hg solubility on the rate of Hg methylation was assessed in Figure 6 . The comparison in Figure 6A is similar to that used by Hammerschmidt and Fitzgerald [12] for Long Island Sound sediments. In their study, the Hg methylation rate showed significant correlation with the log K d of Hg, while the correlation in Figure 6A is not clear. However, the log K d of Hg in Long Island Sound sediments demonstrated a larger range (3.2-5.0) compared to the range of the log K d in Venice Lagoon sediments (4.6-5.0). In our sites, not only the narrow range of K d but also the large variation in the sulfate reduction rate may cause a nonsignificant correlation between the solubility of Hg and the Hg methylation rate. In order to eliminate biological activities involved in each site and depth, the log K d was shown as a function of the Hg methylation rate divided by the sulfate reduction rate (Fig. 6B) . The resulting correlation factor was improved, suggesting that availability of dissolved Hg is one of the critical factors for MMHg production rate. The low significant correlation factor (n ϭ 11, r 2 ϭ 0.64, p Ͻ 0.05) may represent a relatively high CV (32%) in the analysis of the Hg methylation rate and/or heterogeneity between two cores collected for the measurement of sedimentary Hg and pore-water Hg. In addition, the chemical speciation change of dissolved Hg [39] , especially in high-sulfide cores C and S0, may contribute to this low correlation factor. The constant fractions of Hg as MMHg were observed in the upper 2.5-cm sediments with the exception of the highorganic sites, C and S2, suggesting that Hg availability is the key limiting factor for MMHg production in the surface sediments of the Venice Lagoon. The discrepancy in high-organic sites was explained by the activity of sulfate-reducing bacteria and Hg solubility. The former factor was limited in the highest Hg site, C, resulting in a lower Hg methylation rate compared to other sites. The importance of the latter factor was demonstrated by the fact that the Hg methylation rates normalized to the sulfate reduction rates showed a negative linear correlation with the logarithm of the particle-water partition coefficient of Hg. Indeed, the highest K d (Hg) of surface layers was shown in site S2. The role of sedimentary organic carbon and acid-volatile sulfide has been emphasized, as they are related to the K d of Hg in several estuarine sediments [10, 40] . However, organic carbon concentrations were relatively constant in various sites and depths of Venice Lagoon sediments, and thus these concentrations did not show a significant correlation with the K d of Hg. Instead of organic carbon, solid FeS seems to be important for controlling the solubility of Hg in Venice Lagoon sediments, where sulfate and iron reductions are the dominant electron-accepting processes.
